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Abstract

Type 2 diabetes (T2D) affects >30 million Americans and nearly 70% of individu-
als with T2D will die from cardiovascular disease (CVD). Circulating levels of the
inflammatory signaling lipid, prostaglandin E, (PGE,), are elevated in the set-
ting of obesity and T2D and are associated with decreased cardiac function. The
EP3 and EP4 PGE, receptors have opposing actions in several tissues, including
the heart: overexpression of EP3 in cardiomyocytes impairs function, while EP4
overexpression improves function. Here we performed complementary studies
in vitro with isolated cardiomyocytes and in vivo using db/db mice, a model of
T2D, to analyze the effects of EP3 inhibition or EP4 activation on cardiac func-
tion. Using echocardiography, we found that 2 weeks of systemic treatment of db/
db mice with 20 mg/kg of EP3 antagonist, beginning at 6 weeks of age, improves
ejection fraction and fractional shortening (with no effect on heart rate). We fur-
ther show that either EP3 blockade or EP4 activation enhances contractility and
calcium cycling in isolated mouse cardiomyocytes cultured in both normal and
high glucose. Thus, peak [Ca**]; transient amplitude was increased, while time to
peak [Ca**]; and [Ca*']; decay were decreased. These data suggest that modula-
tion of EP3 and EP4 activity has beneficial effects on cardiomyocyte contractility
and overall heart function.
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1 | INTRODUCTION

Type 2 diabetes (T2D) is caused by insufficient functional
p-cell mass in the face of insulin resistance and currently
affects more than 30 million Americans. T2D strongly
predisposes individuals toward cardiovascular disease
(CVD), even when normalized for BMI, age, and other
risk factors such as obesity (Abbasi, Brown, Lamendola,
McLaughlin & Reaven, 2002). This increased risk for CVD
results in nearly 70% of individuals with T2D dying from
heart disease or stroke, and is present even in the absence
of other risk factors of cardiac dysfunction such as hyper-
tension (Simone et al., 2010). The ventricular dysfunction
present in individuals with diabetes in the absence of hy-
pertension or coronary artery disease is termed diabetic
cardiomyopathy (DCM) (Bugger & Abel, 2014). DCM is
associated with increased left ventricular mass and wall
thickness accompanied by initial diastolic and subsequent
systolic dysfunction leading to heart failure with pre-
served ejection fraction (Devereux et al., 2000). Multiple
molecular mechanisms have been proposed to contribute
to the dysfunction in human DCM, and there remains a
critical need for therapeutic targets that can improve car-
diac function in the setting of T2D.

The db/db mouse model, long used to study mecha-
nisms of disease in T2D, has also been verified as a model
of DCM (Alex, Russo, Holoborodko & Frangogiannis,
2018). Although there have been conflicting descriptions
of the cardiac phenotype in db/db mice, depending on the
specific genetic background and age of animals used, in
general, db/db mice have evidence of cardiomyocyte hy-
pertrophy, fibrosis, and diastolic dysfunction (Alex et al.,
2018). In db/db mice on a C57BLKS/J background, sys-
tolic volume increases at around 8 weeks of age, with
dilation occurring by 16 weeks (Baumgardt et al., 2016;
Nielsen et al., 2009). Reduced fractional shortening and
ejection fraction were also noted in this model between
12 and 16 weeks of age (Baumgardt et al., 2016; Plante
et al., 2014, 2015). This phenotype mimics that of human
DCM, where structural changes in the heart, including
hypertrophy and fibrosis, are often followed by diastolic
dysfunction, and eventually systolic dysfunction (Jia, Hill
& Sowers, 2018). Additionally, studies on isolated car-
diomyocytes from db/db mice found a decreased peak
shortening amplitude, decreased cell shortening and re-
lengthening amplitudes, and an increased Ca®" decay rate
(Kralik, Ye, Metreveli, Shen & Epstein, 2005). Another
study found resting diastolic Ca** levels were reduced in

db/db mice, transient Ca** decay was increased, and the
height of the Ca®" transient was reduced (Belke, Swanson
& Dillmann, 2004).

T2D is associated with low-grade inflammation, which
occurs concomitantly with elevated prostaglandin (PG)
synthesis (Sjoholm & Nystrom, 2006), including pros-
taglandin E, (PGE,). PGE, exerts its mechanisms of ac-
tion through four G protein-coupled receptors (GPCRs)
termed E-Prostanoid (EP1-4) receptors (Hata, & Breyer,
2004; Vennemann et al., 2012). Signaling via Gi-coupled
EP3 inhibits adenylate cyclase and decreases cAMP levels
whereas Gs-coupled EP4 results in activated adenylate cy-
clase and increased cAMP. Thus, EP3 and EP4 often have
opposite effects in the same cell type. For example, our
group previously showed that EP3 and EP4 play opposing
roles in pancreatic insulin-producing p-cell proliferation
and survival in islets from mice and humans (Carboneau
et al., 2017). Similarly, studies in the heart reveal that EP3
and EP4 have opposite effects on cardiac function (Bryson
et al., 2018; Gu et al., 2016; Hishikari et al., 2009; Meyer-
Kirchrath et al., 2009).

Given the correlation of the canonical cAMP/protein
kinase A (PKA) pathway in cardiac tissue with regulating
cardiac function (Guellich, Mehel & Fischmeister, 2014),
several studies have explored the extent to which EP3 or
EP4 regulates and/or modulates cardiac contractile pa-
rameters. PGE, decreases cardiomyocyte contractility
and cardiac function via EP3 activation (Gu et al., 2016).
Transgenic overexpression of EP3 in cardiomyocytes
using the myosin heavy chain promoter results in severely
diminished ejection fraction concomitant with elevated
end-diastolic and end-systolic ventricular volume follow-
ing ischemic injury (Meyer-Kirchrath et al., 2009). In con-
trast, EP4 overexpression improves fractional shortening,
ejection fraction, and left ventricular internal diameter
during systole (Bryson et al., 2018). Additionally, pharma-
cological activation of EP4 results in improved cardiomyo-
cyte contractile parameters and improved cardiac function
following ischemic injury (Gu et al., 2016), whereas mice
with cardiac-specific EP4 inactivation exhibit reduced car-
diac function following myocardial ischemia (Qian et al.,
2008).

Although strides have been made with regards to
understanding the roles of EP3 and EP4 in the regula-
tion of cardiac contractility, the extent to which EP3 or
EP4 modulation alters cardiomyocyte contractility or
cardiac function in the setting of hyperglycemia or T2D
remains unexplored. In the current study we sought to
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address if EP3 blockade or EP4 activation could improve
cardiomyocyte function under hyperglycemic conditions,
and if treatment with an EP3 antagonist in vivo could im-
prove cardiac function in the db/db mouse model of T2D.
We found that inhibition of EP3 or activation of EP4 in
cultured isolated mouse cardiomyocytes improved con-
tractile parameters and Ca** handling. Additionally, we
found that cardiac function was impaired in 8-week-old
db/db mice, and that 2 weeks of treatment with an EP3
antagonist in vivo caused modest improvements in car-
diac function.

2 | MATERIALS AND METHODS

2.1 | Animal models

C57BL6/J wild-type, db/+, or db/db male mice (Jackson
Laboratories) were utilized and maintained in accord-
ance with the Guide for the Care and Use of Laboratory
Animals (NIH). Since males develop more predictable
and severe diabetes in this model, 6-week-old male mice
were injected daily for 2 weeks with 20 mg/kg DG-041
or volume-matched vehicle (phosphate-buffered saline
[PBS] +10% dimethyl sulfoxide [DMSO]) subcutane-
ously. Mice were housed in the Kent State (Kent, OH)
or Vanderbilt University Medical Center (Nashville, TN)
animal care facility, both of which are accredited by the
American Association for Accreditation of Laboratory
Animal Care. All mouse experiments were approved by
the Institutional Animal Care and Use Committee of Kent
State or Vanderbilt University Medical Center.

2.2 | Cardiomyocyte isolation

Hearts were excised from 4-month-old wild-type or db/
db mice, prepared for aortic cannulation and transferred
to a Langendorff apparatus for cardiomyocyte isola-
tion, as previously described (Andrei, Ghosh, Sinharoy
& Damron, 2019; Andrei et al.,, 2017). In brief, hearts
underwent retrograde perfusion at 37°C with a modi-
fied Krebs-Henseleit buffer (in mM: 120.4 NacCl, 4.8 KClI,
0.6 KH,PO,, 0.6 Na,HPO,, 1.2 MgSO,-7H,O, 10 Na-
HEPES, 4.6 NaHCO3, 30 taurine, 10 BDM, and 5.5 glucose,
pH 7.4). The Krebs-Henseleit buffer was sterile-filtered
and paced at a rate of 4 ml/min. After perfusion for 4 min,
the digestion buffer containing collagenase type II (300
U/mg, Worthington Biochemical) perfused the heart for
an additional 5-7 min until the heart became spongy.
The left ventricles were removed, minced, and triturated
in Krebs-Henseleit buffer containing fetal bovine serum.
The resulting cellular digest was washed and resuspended
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at 23°C in HEPES-buffered saline (in mM: 118 NacCl,
4.8 KCl, 0.6 KH,PO,, 4.6 NaHCO;, 0.6 NaH,PO,, 5.5 glu-
cose, pH 7.4). Cardiomyocyte yield was consistently ~90%.

2.3 | Simultaneous measurement of
intracellular free Ca®* concentration
([Ca**],) and sarcomere shortening

Simultaneous measurement of intracellular Ca** concen-
tration [Ca2+]; and contractile function was performed in
individual freshly isolated cardiomyocytes as previously
described (Andrei et al., 2017, 2019). Cardiomyocytes were
cultured in normal glucose (NG) conditions (5.6 mM) or
high glucose (HG) conditions (16.7 mM) and incubated
at room temperature for 2 h prior to loading fura-2 ace-
toxy methylester (fura-2/AM; 2 uM) in HEPES-buffered
saline (in mM: 118 NaCl, 4.8 KCl, 1.23 CaCl,, 0.8 MgSO,-
7H20, 0.6 KH,PO,, 4.6 NaHCO,, 0.6 NaH,PO,, 5.5 glu-
cose, pH 7.4) for 25 min at room temperature. Coverslips
containing the fura-2-loaded cardiomyocytes were then
mounted on the stage of an Olympus IX-71 inverted flu-
orescence microscope (Olympus America), superfused
continuously with HEPES-buffered saline at a flow rate of
2 mL/min, and paced at a frequency of 0.3 Hz (30 V, 5 ms
duration). Following baseline contractility calibration,
cardiomyocytes were treated with the EP3 antagonist,
DG-041 (30 nM) or the EP4 agonist, CAY10598 (100 nM)
for ~5 min or when the contractility reached a clear “pla-
teau” effect. Sarcomere shortening and [Ca**], measure-
ments were simultaneously recorded on individual cells
using the fluorescence imaging system and Easy Ratio
Pro software (Photon Technology International) equipped
with a multiwavelength spectrofluorometer (Deltascan
RFK6002) and a QuantEM 512SC electron multiplying
camera (Photometrics). Images and real-time Ca’* trac-
ing data were acquired using an alternating excitation
wavelength protocol (340, 380 nm/20 Hz) and emission
wavelength of 510 nm. Background fluorescence was
automatically corrected for the experiments using Easy
Ratio Pro. The ratio of the two intensities were used to
measure changes in [Ca**],. Hardware and software for
data acquisition and analysis were generously provided by
Horiba Scientific.

2.4 |
data

2+]'
i

Analysis of [Ca”"]; and shortening

The following variables were calculated for each individ-
ual cardiomyocyte contraction: sarcomere length (um),
fractional shortening (% of sarcomere length change dur-
ing shortening), maximum velocity of cell shortening and
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relengthening (um/sec), peak [Ca®*]; (340/380 ratio), and
[Ca”*]; decay to baseline (ms). Variables from 10 contrac-
tions were averaged to obtain mean values at baseline and
in response to the intervention since averaging the variables
over time minimizes beat-to-beat variation. The summa-
rized shortening raw data are expressed as % change in sar-
comere length (fractional shortening) and mm/sec (velocity
of shortening/relengthening). The summarized [Ca**]; raw
data are expressed in msec. Individual [Ca®*]; transient
traces were smoothed using the Savitzky-Golay filter to in-
crease the signal-to-noise ratio and enhance the clarity of
the figure to highlight changes in timing parameters.

2.5 | Transthoracic echocardiography

In vivo cardiac functional parameters were evaluated with
transthoracic echocardiography in the conscious state
using a Vevo2100 Imaging System (VisualSonics Inc) be-
fore and 14 days following the respective treatment proto-
col. Pre-warmed echo transmission gel was applied to the
shaved chest wall prior to the acquisition of echo images,
and parasternal long- and short-axis view at the papillary
muscle level and 2-D guided M-mode images were re-
corded. Left ventricular dimension in systole (LVIDs) and
diastole (LVIDA), systolic and diastolic interventricular
septum thickness (IVSs, IVSd), systolic and diastolic pos-
terior wall thickness (LVPWs, LVPWA), ejection fraction,
and fractional shortening were measured in three con-
secutive beats according to the guidelines and standards
of American Society of Echocardiography leading edge
method (Lang et al., 2005). Qualitative and quantitative
measurements were calculated by blinded reviewers using
the VisualSonics VEVO 2100 Imaging System software.

2.6 | Analysis of gene expression

RNA was isolated from whole mouse hearts using the
Qiagen RNeasy kit. cDNA was generated using the
High Capacity cDNA Reverse Transcription kit (Applied
Biosciences). Gene expression was then quantitated by
PCR using the iQ SYBR Green Supermix (Bio-Rad). Fold
induction was calculated using the 27AACt method, and
the expression of genes of interest were normalized to
actin. The primers used have been previously described
(Carboneau et al., 2017).

2.7 | Statistical analysis

All experimental protocols were repeated in a minimum
of three different mice. Exact numbers used are indicated

in figure legends. Within group comparisons were made
using two-way ANOVA and Tukey multiple comparisons
post hoc test. Differences were considered statistically sig-
nificant at p < 0.05. All results are expressed as mean +/-
SEM. Statistical analysis was conducted using GraphPad
Prism.

3 | RESULTS

3.1 | Contractility and Ca®* cycling
dynamics are impaired in cardiomyocytes
isolated from db/db mice

Mice homozygous for a spontaneous mutation in the
leptin receptor (db/db) become obese and hyperglyce-
mic at an early age (4-6 weeks), and are frequently used
as a model to study T2D mechanisms and its associated
complications. As in humans with obesity and T2D, db/
db mice have elevated levels of PGE, (Sun et al., 2013).
To determine the potential effects of the diabetic envi-
ronment on cardiomyocyte function, cardiomyocytes iso-
lated from hearts from 4-month-old db/+ or db/db mice
were electrically paced using a voltage stimulator and
assessed for alterations in contractile function and Ca**
cycling dynamics. Fractional shortening and [Ca®*]; peak
amplitudes were used as the primary indicators for con-
tractile function and Ca®* cycling dynamics, respectively.
Cardiomyocytes from db/db mice displayed worsened
fractional shortening (1.00 +/— 0.01 in db/+ vs. 0.80 +/—
0.02 in db/db; p < 0.0001) and diminished [Ca*']; peak
amplitudes (1.00 +/— 0.02 in db/+ vs. 0.77 +/— 0.02 in
db/db; p < 0.0001) when compared to their db/+ coun-
terparts (Figure 1). These results support previously
published studies describing impaired cardiomyocyte
function in mice with T2D or streptozotocin-induced dia-
betes, including decreased contractility and Ca®* cycling
dynamics (Belke et al., 2004; Kralik et al., 2005; Wickley,
Shiga, Murray & Damron, 2007).

3.2 | EP3blockade improves
cardiomyocyte contractile function and
Ca’* cycling under normal and high
glucose conditions

Previous work has shown that hyperglycemia can in-
terfere with the formation and maintenance of con-
tractile structures in cultured ventricular adult rat
cardiomyocytes (Dyntar et al., 2006). To determine the
effects of acute hyperglycemia on cardiomyocyte func-
tion, cardiomyocytes were isolated from 4-month-old
wild-type mice, cultured in normal glucose (5.6 mM) or
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FIGURE 1 Contractility and Ca** peak amplitude are
diminished in adult ventricular cardiomyocytes from db/db

mice. (a) Fractional shortening (um/sec) and (b) intracellular

Ca®" concentration ([Ca®*];) peak amplitude (340/380 ratio) are
significantly attenuated in cardiomyocytes isolated from 4-month-
old db/db mice compared to db/+ mice. ®, db/+. B, db/db.

% < 0.001 versus db/+. Data were analyzed using Student's ¢-test
and Bonferroni post hoc analysis. Results are expressed as a fold of
the db/+ control. N = 20 cardiomyocytes from five hearts per group

hyperglycemic (16.7 mM) conditions, and electrically
paced with a field stimulator. Representative traces are
shown in Figure 2a. Acute hyperglycemia resulted in
significant decreases in fractional shortening (Figure
2b), maximal velocity of shortening (Figure 2c), maxi-
mal velocity of relengthening (Figure 2d), and Ca**
peak amplitude (Figure 2e). Additionally, acute hy-
perglycemia resulted in significant increases in time to
peak [Ca®']; (Figure 2f) and [Ca*']; decay (Figure 2g).
Importantly, culturing wild-type cardiomyocytes under
hyperglycemic conditions induced alterations in con-
tractile parameters and Ca*" cycling dynamics that re-
semble the disparities observed between db/+ and db/
db animals in vivo (decreased fractional shortening and
decreased Ca®* peak amplitude).

Since chronically decreased EP3 activity improves
measures of cardiac function in vivo (Meyer-Kirchrath
et al., 2009), we investigated whether acute EP3 receptor
blockade alters contractility or Ca** cycling in isolated
cardiomyocyte under normo- and hyperglycemic condi-
tions. Cardiomyocytes isolated from 4-month-old wild-
type mice were cultured in normal glucose (5.6 mM) or
hyperglycemic (16.7 mM) conditions and electrically
paced with a field stimulator before being superfused with
the EP3 antagonist, DG-041, or vehicle; representative
traces are shown in Figure 2a. In DG-041-treated cardio-
myocytes cultured in high glucose, fractional shortening
was increased (1.16 +/— 0.03 vs 0.78 +/— 0.02; Figure 2b),
and both maximum velocity of shortening (1.25 +/— 0.03
vs 0.88 +/— 0.01; Figure 2c¢) and maximum velocity of re-
lengthening were accelerated (1.07 +/— 0.04 vs 0.72 +/—
0.03; Figure 2d) when compared to the vehicle-treated
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controls. Similar results were found in cardiomyocytes
cultured in normal glucose (Figure 2b-d). Additionally,
peak [Ca**]; transient amplitude was increased (1.09 +/—
0.04vs 0.74 +/— 0.02; Figure 2e) while time to peak [Ca®*];
(0.94 +/— 0.03 vs 1.25 +/— 0.03; Figure 2f) and [Ca®*];
decay (0.72 +/— 0.03 vs 1.31 +/— 0.02; Figure 2g) were
decreased in DG-041-treated cardiomyocytes cultured
in high glucose; similar results were observed in normal
glucose-cultured cells (Figure 2e-g). Taken together, these
data suggest that the in vitro model of acute high glucose
culture used in this study mimics the effects of a T2D en-
vironment on cardiomyocyte function.

3.3 | Ca’' dynamics and contractile
function are increased following

EP4 activation in normal and high
glucose conditions

Because EP3 and EP4 exert opposing effects on cardiac
function in vivo, we next sought to determine whether
activation of the EP4 receptor caused similar effects on
cardiomyocyte contractility and Ca** dynamics as block-
ade of EP3. Cardiomyocytes isolated from 4-month-old
wild-type mice were cultured in normal or high glucose
conditions and electrically paced before being super-
fused with the EP4 agonist CAY10598 or vehicle control;
representative traces are shown in Figure 3a. Fractional
shortening was increased (1.23 +/— 0.03 vs 0.78 +/— 0.02;
Figure 3b) and maximum velocity of shortening (1.33 +/—
0.05 vs 0.85 +/— 0.02; Figure 3c) and maximum velocity
of relengthening (0.98 +/— 0.03 vs 0.70 +/— 0.02; Figure
3d) was accelerated in CAY10598-treated cardiomyocytes
cultured in high glucose. Cardiomyocytes cultured in
high glucose and treated with the EP4 agonist displayed
increased peak [Ca®*]; amplitude (1.73 +/— 0.08 vs 0.91
+/— 0.05; Figure 3e), decreased time to peak [Ca2+]1 (0.97
+/— 0.04 vs 1.27 +/— 0.05; Figure 3f), and more rapid
[Ca®*]; decay (0.97 +/— 0.05 vs 1.37 +/— 0.03; Figure 3g).
Similar improvements in contractile properties were ob-
served in CAY10598-treated cardiomyocytes cultured in
normal glucose (Figure 3).

3.4 | Ptger3 gene expression is
decreased and Ptger4 gene expression is
unchanged in hearts from db/db mice

The functional studies described above indicate that mod-
ulation of EP3 or EP4 activity can have beneficial effects on
cardiomyocyte function. However, the expression levels
of the genes encoding these receptors (Ptger3 and Ptger4,
respectively) in the heart, particularly within the context
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FIGURE 2 EP3 blockade improves contractility and Ca** cycling in cardiomyocytes. Isolated cardiomyocytes from 4-month-old
wild-type mice were cultured in normal glucose (NG) and high glucose (HG). (a) Representative traces of calcium flux (upper panel) and
sarcomere length (lower panel) of cardiomyocytes cultured in low glucose, with or without the EP3 antagonist DG-041. Acute hyperglycemia
resulted in significant decreases in (b) fractional shortening, (c) maximal velocity of shortening, (d) maximal velocity of relengthening, and
(e) Ca®* peak amplitude. Additionally, acute hyperglycemia resulted in significant increases in (f) time to peak [Ca**]; and (G) Ca®*]; decay.
Acute treatment with the EP3 antagonist DG-041 resulted in increased (b) fractional shortening (percent of relaxed sarcomere length),

(c) maximum velocity of shortening (-um/sec), and (d) maximum velocity of relengthening (+um/s). EP3 blockade also increased (e)

[Ca®*]; peak amplitude (340/380 ratio) and accelerated (f) time to peak [Ca**]; (s), and (G) [Ca**]; decay (s). Results are expressed as a fold of
the steady-state baseline for the vehicle-treated normal glucose control (NG: Control). Same colored symbols represent separate individual
cardiomyocytes derived from the same mouse heart. N = 20 cardiomyocytes from five hearts per group. Data were analyzed using a two-way
ANOVA with Tukey multiple comparisons post hoc test. ®: NG control, O: NG DG-041, A: HG control, A: HG DG-041. x = vs NG control,
*vs NG control, " vs HG control, ® vs NG DG041. 1 symbol: p < 0.05, 2 symbols: p < 0.01, 3 symbols: p < 0.001, 4 symbols: p < 0.0001

of T2D, have not been described. We performed qRT-PCR
on lysates from whole hearts isolated from 8-week-old
db/+ and db/db mice. There was a trend toward decreased
expression of total Ptger3 in db/db mice, as well as a trend
toward a decrease in the three known murine splice vari-
ants of Ptger3 (Figure 4), whereas Ptger4 expression was
unchanged in db/db hearts compared with db/+ controls.
We also assessed expression of these genes in 8-week-old
db/+ and db/db mice that were treated daily with 20 mg/
kg of DG-041 in vivo for 14 days to determine if blockade
of EP3 activity had any effect on the expression of Ptger3
or Ptger4. In previous studies from our lab, we showed that
this treatment paradigm has no effects on measurements
of whole-body glucose homeostasis, including glucose tol-
erance, insulin resistance, body weight, or fasting glucose
levels (Bosma et al., 2021). DG-041 treatment had no effect
on the expression of total Ptger3, any Ptger3 splice variant,
or Ptger4 in the heart (Figure 4). Given the lack of highly
specific antibodies against EP3 and EP4 protein, we are

unable to determine the expression levels of these recep-
tors in cardiomyocytes.

3.5 | Invivo blockade of EP3 causes
modest improvements in cardiac function

The results from our isolated cardiomyocyte studies indi-
cated that EP3 antagonists or EP4 agonists elicit positive
inotropic effects under normal and acute high glucose
conditions. We next analyzed whether systemic treatment
with EP3 antagonist in vivo would result in improved car-
diac function in euglycemic and hyperglycemic mouse
models. Six-week-old db/+ and db/db mice were treated
subcutaneously with DG-041 or vehicle control daily for
2 weeks and were then subject to transthoracic echocar-
diography. Representative images are shown in Figure
5. Heart rate (Figure 6a), diastolic diameter (Figure 6b),
diastolic volume (Figure 6¢), stroke volume (Figure 6d),
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cardiac output (Figure 6e), diastolic left ventricular ante-
rior wall thickness (LVAWd, Figure 6f), and diastolic left
ventricular interior diameter (LVIDd, Figure 6h) were all
significantly different between db/db mice and the db/+
controls, indicative of impairment of cardiac function in
the diabetic mice. Both diastolic and systolic left ventricu-
lar posterior wall thickness (LVPWd and LVPWs, Figure
6i,j) showed trends toward decreases in the vehicle-treated
db/db mice relative to their db/+ counterparts.

EP3 blockade resulted in significantly decreased left
ventricular anterior wall thickness (LVAWS, Figure 6g) be-
tween genotypes but this effect was not observed between
genotypes in the vehicle-treated groups. There were no dif-
ferences between genotypes in ejection fraction, fractional
shortening, or LV mass (Figure 6k,l and data not shown).
EP3 blockade had no effect in db/+ mice on any of the
measured parameters, but db/db mice treated with DG-
041 showed modest improvements in diastolic diameter

(Figure 6b), diastolic volume (Figure 6c), stroke volume
(Figure 6d), cardiac output (Figure 6e), and LVIDd (Figure
6h). Taken together, these results indicate that short-term
blockade of EP3 in vivo has positive effects on cardiac
function in diabetic mice.

4 | DISCUSSION

T2D is associated with chronic low-grade inflammation
and elevated circulating prostaglandin levels, and is also
associated with a two- to fourfold increased incidence of
heart attack and cardiac death (Fox, 2010). COX-2, and
thus, PGE, synthesis, is upregulated in human cardio-
myocytes in the setting of inflammation, ischemia, and
myocardial infarction (Bolli, 2002; Zidar et al., 2007). This
elevation in PGE, has been shown to have cardiopro-
tective roles (Bolli et al., 2002; Wang et al., 2009). Thus,
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FIGURE 5 Echocardiography images
from vehicle and DG-041-treated db/+
and db/db mice. Representative images
from transthoracic echocardiography
performed on 8-week-old (a) db/+ mice
treated for 2 weeks with vehicle, (b) db/+
mice treated for 2 weeks with DG-041,

(c) db/db mice treated for 2 weeks with
vehicle, and (d) db/db mice treated for

2 weeks with DG-041. Images were

general COX inhibition by NSAIDs to reduce the chronic
inflammation present in T2D can have deleterious con-
sequences on cardiac function (Bleumink, Feenstra,
Sturkenboom & Stricker, 2003; Marsico et al.,; Pepine
& Gurbel, 2017). This is likely due to the loss of action
of PGE, through EP4 receptors, which mediate the ben-
eficial effects of PGE, on cardiac function. Since PGE,
binds both EP3 and EP4 with equal affinity (Sugimoto &
Narumiya, 2007), the ultimate effects of PGE, will depend
on the expression levels of these receptors. We and others
have found that T2D alters the balance of expression of
EP3 and EP4 in pancreatic islets, with an increase in ex-
pression of EP3 (Ptger3) (Carboneau et al., 2017; Kimple
et al., 2013). Therefore, identification of therapeutically
relevant receptor-specific agonists and antagonists is criti-
cal to achieve the desired physiological outcome of EP3
and EP4 modulation. Along those lines, we showed that
specific blockade of EP3 in db/db mice in vivo enhanced

obtained on conscious mice using a
Vevo2100 Imaging System

proliferation of insulin-producing f cells, increased f-cell
mass, and improved p-cell gene expression (Bosma et al.,
2021). Given the known opposing roles of EP3 and EP4 in
cardiac function, therapies designed to selectively block
EP3-mediated PGE, activity, while allowing for activation
of EP4 might thus prove most beneficial.

In the current study, we investigated whether modu-
lation of PGE, receptor activity in the setting of hyper-
glycemia or overt T2D was beneficial to parameters of
cardiomyocyte function known to be affected in diabetic
cardiomyopathy. The db/db mouse model of T2D has been
validated as a model of human diabetic cardiomyopathy,
particularly heart failure with preserved ejection fraction
(HFpEF), commonly seen in human obesity and diabetes.
Db/db mice also have increased PGE, levels, as observed
in obesity in humans (Sun et al., 2013). We found that EP3
blockade or EP4 activation EP3 blockade in vivo had ben-
eficial effects on cardiac function in db/db mice.
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Although EP3 blockade improved fractional shortening
in isolated cardiomyocytes, it did not improve fractional
shortening in vivo in db/db mice. This could be due to
the differences in the duration of treatment (5 min for the
isolated cardiomyocytes versus 2 weeks of systemic treat-
ment), or to additional effects of the hyperglycemic and
hyperlipidemic environment in db/db mice. Additionally,
since leptin plays a role in regulating cardiac function
(Poetsch, Strano & Guan, 2020), the lack of improvements
in ejection fraction and fractional shortening in db/db mice
could be attributed to a loss of leptin signaling, although
this possibility was not directly assessed here. It is also im-
portant to note that the observed effects of acute (5 min)
EP3 antagonist treatment in isolated cardiomyocytes are
likely due to alterations in second messenger signaling
pathways rather than changes in gene or protein expres-
sion. EP3 receptor (Ptger3) expression was decreased in
hearts from vehicle-treated db/db mice compared to db/+
controls. However, since expression was assessed in ex-
tracts from whole hearts, the observed decrease in expres-
sion may be due to effects in cardiomyocytes and/or other
cell types such as fibroblasts or endothelial cells. Further
gene expression analyses in isolated cardiomyocytes will
be needed to distinguish the specific effects of acute and
chronic EP3 blockade on cardiomyocytes.

There was no effect of EP3 blockade on any of the
cardiac function parameters we assessed in db/+ mice in
vivo (which are euglycemic). Unexpectedly, EP3 blockade
improved all cardiomyocyte functional parameters tested

even when cultured under normal glucose conditions,
suggesting that EP3 is tonically active in isolated cardio-
myocytes under basal conditions, at least in culture. It is
possible that, when placed in culture, cardiomyocytes re-
lease PGE,, which signals in an autocrine manner in this
system.

Although db/db mice have been shown to have early
evidence of cardiac dysfunction by 9 weeks of age, wors-
ening heart function and increased collagen deposition,
hallmarks of diabetic cardiomyopathy, occur between 12
and 16 weeks of age (Baumgardt et al., 2016; Nielsen et al.,
2009). The current experiments were carried out in 8 week
old mice after 2 weeks of treatment with the EP3 antago-
nist. This time point was chosen as it corresponded with a
time point at which previous studies from our lab showed
beneficial effects of in vivo EP3 blockade on p-cell mass
and identity (Bosma et al., 2021). In addition, this dose,
duration, and route of administration result in plasma
concentrations of EP3 antagonist that achieve complete
blockade of the EP3 receptor in vivo (Ceddia et al., 2019).
It is important to note that this treatment paradigm did
not result in improvements in whole-body glucose ho-
meostasis or insulin resistance in db/db mice (Bosma
et al., 2021), suggesting that the observed effects of EP
modulators on cardiac function are direct rather than due
to improvements in the systemic metabolic or physiologic
milieu. While our data are promising, it is vital to examine
if drug treatment would prove even more effective in older
db/db mice where cardiac dysfunction is more apparent.
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We also plan to try combined in vivo treatment with EP3
antagonist and EP4 agonist as this strategy worked best to
stimulate p-cell proliferation in isolated human pancreatic
islets (Carboneau et al., 2017).

The glucolipotoxicity associated with diabetes causes
intrinsic defects in cardiomyocytes, including oxidative
damage, that render them more susceptible to dysfunc-
tion in the setting of increased stress such as ischemia
(Boudina & Abel, 2010; Brahma, Pepin & Wende, 2017;
Selvin et al., 2014). We propose that altering the balance
from EP3 to EP4 activity in the setting of diabetes will have
significant beneficial functional consequences for the ef-
fects of PGE, on cardiac tissue. GPCRs represent 35% of
all current drug targets (Sriram & Insel, 2018), highlight-
ing the potential of the EP receptors as future druggable
targets for the treatment of T2D and its comorbidities. Our
current model proposes that EP3 and EP4 play opposing
roles in the heart and that shifting the balance toward
increased EP4 activity will be beneficial in the setting of
diabetic cardiomyopathy. The expression of EP3 and EP4
in human cardiomyocytes and their respective roles in
diabetic cardiomyopathy have not yet been explored. EP
receptors have great potential as future druggable targets
for the treatment of T2D. Because the EP3 and EP4 recep-
tors have been shown to have effects on p-cell prolifera-
tion, survival, and function as well as cardiac function, we
propose that modulating these receptors would have posi-
tive effects on both CVD and T2D, and thereby potentially
treat both diseases simultaneously.
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